Background: Impulse oscillometry (IOS) measures respiratory resistance and reactance
early detection and appropriate treatment is particularly important in children. 2 Spirometry is a pulmonary function test that is used to diagnose asthma in patients suspected of having the disease and to evaluate the effectiveness of therapy by assessing changes in the severity of pulmonary dysfunction. 2 However, it is difficult to perform spirometry in children under 6 years of age because its measurements are based on full inspiration and forced expiration. Impulse oscillometry (IOS) using the forced oscillation technique, which only requires the patient's passive cooperation, may be a more useful diagnostic tool, particularly in young children who are unable to perform spirometry. [3] [4] [5] The mechanical properties of the respiratory system can be evaluated by measuring respiratory system resistance (Rrs) and reactance (Xrs) at each tidal breath using IOS. 6 The IOS method can evaluate lung function more physiologically and can be performed more easily and rapidly than spirometry because it measures the mechanical response of the respiratory system as the resultant flow or pressure without the need for the respiratory effort required when using a spirometer. [7] [8] [9] [10] Recent studies had suggested that IOS is better than spirometry for detecting airway abnormalities when assessing pulmonary function in patients with chronic obstructive pulmonary disease, adult asthma, or dust exposure. [11] [12] [13] IOS has been used primarily in patients with obstructive lung disease because it can sensitively detect increased airway resistance. 14 The IOS can evaluate two components of respiratory impedance, that is, total respiratory resistance and reactance. 14 Resistance at low frequency, 5 Hz (R5), indicates total airway resistance, and resistance at high frequency, 20 Hz (R20), represents central airway resistance. The difference between R5 and R20 (R5-R20) is considered to be an index of the small airways, 15 whereas reactance at 5 Hz (X5) is related to compliance. There is some evidence showing that reactance assessed separately during inspiration and expiration (inspiratory-expiratory analysis) using forced oscillometry can accurately detect limitations in expiratory flow. 16 This study aimed to investigate the differences in inspiratoryexpiratory measurements obtained using IOS in children with and without asthma. Our hypothesis was that a difference in inspiratoryexpiratory IOS measurements would be more sensitive than wholebreath IOS for differentiating children with and without asthma because of the airflow obstruction associated with the disease.
| MATERIALS AND METHODS

| Study design
We retrospectively identified 1000 children who visited our hospital for diagnosis of asthma or a health check-up in whom pulmonary function tests were carried out for the first time between July 2006 and December 2016.
Asthma was diagnosed by physicians using the American Thoracic Society criteria 17 in children presenting with current respiratory symptoms, including cough, shortness of breath, and chest tightness.
Children with a lack of response to a bronchodilator (BD), no airway 10 Finally, we calculated differences in inspiration and expiration at R5, R10, R20, X5, and AX in each individual to obtain the ΔR5, ΔR10, ΔR20, ΔX5, and ΔAX.
| Statistical analysis
Normally distributed data were analyzed using the Student's t-test and non-normally distributed data were analyzed using the Mann-Whitney A P-value <0.05 was deemed to be statistically significant.
3 | RESULTS
| Demographic and spirometric characteristics
After excluding children with missing IOS measurements, we evaluated the results for 819 subjects, including 600 children with asthma and 219 controls. The median age was 7.39 years in the asthma group and 8.74 years in the control group. Three hundred and ninety (65%) of the 600 children in the asthma group and 119 (54.3%) of the 219 children in the control group were boys.
The children in the asthma group had a lower percent predicted (Table 1) .
| Whole-breath analysis
All resistance values (R5, R10, and R20) decreased with increasing age.
Reactance (X5) also increased with age while AX decreased with age (data not shown). The whole-breath IOS measurements are shown in Table 2 . Resistance at 5 Hz (R5) was elevated in the asthma group when compared with the control groups, but not significantly so. The percentage of the predicted R5 value was significantly higher in the asthma group than in the control group; however, there was no significant difference in the R10 or R20 value between the asthma group and the control group in terms of either the adjusted absolute value or the percentage predicted value. There was a significant difference in R5-R20 (indicating small airway obstruction) between the asthma group and the control group.
Reactance at 5 Hz (X5) was significantly more negative in the asthma group than in the control group. The percent predicted X5 was higher in the asthma group than in the control group. Thus, while reactance was lower, its absolute value was higher. The AX values in children with asthma were significantly higher than in the controls.
3.3 | Within-breath analysis
| Inspiratory and expiratory IOS
We calculated the average values for R5, R10, R20, X5, and AX separately during inspiration and expiration. These within-breath IOS measurements are shown in Table 3 . In within-breath analysis, the inspiratory and expiratory R5 values in the asthma group were significantly higher than those in the control group.
The expiratory R5 was significantly higher than the inspiratory R5
in both the asthma group and the control group. Similarly, the R10 and R20 values during the expiratory phase were significantly higher than those during the inspiratory phase in both groups but there was no statistically significant difference in inspiration and expiration values between the asthma group and the control group, except for inspiratory R10. The inspiratory and expiratory X5 and AX values were significantly higher in the asthma group than in the control group.
Further, there were statistically significant differences between inspiration and expiration in both groups. Table 3 shows the percent change in inspiratory and expiratory IOS values after a BD in both the study groups. There was no significant difference in the percent change in inspiratory and expiratory R5 after a BD between the asthma group and the control group. In both groups, the change in R5 after a BD did not differ between inspiration and expiration. The change in expiratory X5 and AX after a BD in the asthma group was greater than that in the control group. In the asthma group, the change in X5 after BD in expiration was greater than that in inspiration.
| Inspiratory and expiratory IOS in response to a BD
| Change in expiratory-inspiratory IOS
Interestingly, the difference between the expiratory and inspiratory R5 (ΔR5) in the asthma group was greater than that in the control group (0.139 ± 0.195 vs 0.102 ± 0.162, P = 0.022; Figure 1 and Table S1 ), although there were significant differences in the inspiratory and expiratory R5 in both groups (Table 3) . Similarly, the ΔX5 and ΔAX values in the asthma group were more negative or more positive than those in the control group (−0.110 ± 0.105 vs −0.060 ± 0.078, P < 0.001 and 1.017 ± 1.174 vs 0.567 ± 0.619, P < 0.001, respectively; Figure 1 and Table S1 ). There was no significant difference in the ΔR10
and ΔR20 values between the two groups ( Figure 1 and Table S1 ).
FIGURE 1
Change in expiratory-inspiratory impulse oscillometry. The difference between expiration and inspiration R5, P R5-L R20, X5, and AX (ΔR5, Δ(R5-R20), ΔX5, ΔAX) in the asthma group is greater than that in the control group (0.139 ± 0.195 vs 0.102 ± 0.162, P = 0.011; −0.110 ± 0.193 vs −0.060 ± 0.160, P < 0.001; 1.017 ± 1.78 vs 0.567 ± 1.24, P < 0.001). The ΔR10 and ΔR20 are not significantly different in either group Table S1 shows the change in the difference between inspiration and expiration in IOS after a BD. The magnitudes of change in ΔX5 after a BD in the asthma group were larger than those in the control group (−0.070 ± 0.202 vs −0.037 ± 0.164, P = 0.04).
| Change in expiratory-inspiratory IOS after a BD
| IOS measurement according to severity of asthma
The spirometry measurements were different between mild asthma and moderate-to-severe asthma according to severity (Table S2 ). In whole-breath analysis, the X5 value was more negative and the AX value was higher in the group with moderate-to-severe asthma than in the group with mild asthma (Table S3 ). There was no significant difference in resistance between the study groups (Table S3 ). In withinbreath analysis, the absolute R5, R5-R20, X5, and AX values were higher in the moderate-to-severe group than in the mild group (Table S4) . Finally, there were significant differences in the ΔX5 and ΔAX values between the group with mild asthma and the group with moderate-to-severe asthma (Table S5) .
| DISCUSSION
This study compared whole-breath and within-breath analysis of IOS in children with and without asthma. In whole-breath analysis, the children with asthma had higher resistance at 5 Hz (R5), higher R5-R20, a higher reactance area (AX), and lower reactance at 5 Hz (X5) than the children without asthma. In inspiratory-expiratory analysis, the children with asthma had increased expiratory R5, R5-R20, and AX and decreased expiratory X5 when compared with those without asthma. The absolute changes in R5, R5-R20, X5, and AX between inspiration and expiration in the asthma group were greater than those in the control group.
Asthma is a chronic inflammatory disease of the central and peripheral airways. Some reports have shown that inflammatory and functional abnormalities of the lung periphery occur in all stages of asthma severity and that the magnitude of small airway impairment is correlated with disease severity. obstruction. Therefore, in disease isolated to the distal airways, the R5 is increased more than the R20. 23 The difference between R5
and R20 is defined as peripheral airways resistance. We found no significant difference in the R10 value between the asthma group and the control group.
In the current study, whole-breath analysis of IOS in asthmatic children showed that R5 and R5-R20 were increased, but that R10 and R20 were similar to the values in the controls. The magnitudes of X5
and AX were larger in the asthmatic children than in the controls. These results are consistent with those of previous studies that used R5-R20
and X5 to evaluate the functioning of the peripheral airway in patients with asthma and found a correlation with clinical symptoms and asthma control. 26 In the inspiratory-expiratory analysis, expiratory R5, R5-R20, and AX were increased and expiratory X5 was decreased in the children with asthma when compared with the controls. Differences in these values during the inspiratory phase between the asthma group and control group were also significant. However, the magnitude of expiratory X5 was greater than that of inspiratory X5 in the asthma group when compared with the control group. The absolute changes in R5, R5-R20, X5, and AX between inspiration and expiration in children with asthma were greater than those in controls.
The IOS parameters at baseline distinguished between children with asthma and the controls. There were differences in the inspiratory and expiratory IOS mechanics, but these differences were greater in our children with asthma than in the control subjects.
In patients with chronic obstructive pulmonary disease, because of the airway narrowing during tidal expiration, the oscillatory properties are also characterized by significantly different Rrs and Xrs in the inspiratory and expiratory phases. 27 In patients with expiratory flow limitation, collapse of the peripheral airways in expiration prevents the oscillatory pressure signal from reaching the alveoli. Instead, it is reflected from the stiffer airway walls proximal to the site of obstruction, resulting in a pronounced decrease in expiratory reactance with a widening of the difference in within-breath reactance (ΔXrs). 28 These theoretical considerations indicate that a withinbreath reactance measurement could be a potentially useful indicator of the presence of tidal expiratory flow limitation in chronic obstructive pulmonary disease. 16 In most patients with expiratory flow limitation, the Rrs is higher and the Xrs is more negative during expiration than during inspiration. This phenomenon is not limited to adults with COPD and can occur in asthmatic children with severe respiratory illness. 29 This could be demonstrated in IOS measurements according to the severity of asthma.
Interestingly, in our asthmatic children, the inspiratory-expiratory changes in R5, X5, and AX (ΔR5, ΔX5, and ΔAX) were distinguishable characteristics of asthma when compared with the changes in the control group. Meanwhile, the inspiratory-expiratory changes in response to a BD were only significant for ΔX5. With regard to the diagnostic value of the inspiratory-expiratory IOS measurements, the AUCs for the inspiratory and expiratory IOS measurements were lower than those for the whole-breath IOS measurements (Table S6) .
Nevertheless, the X5 in between breaths had relatively higher AUC and sensitivity (Table S6 ).
The differences between inspiratory and expiratory IOS are not necessarily superior to baseline measurements of respiratory mechanics alone in distinguishing children with asthma from those without asthma. The IOS values measured during inspiration and exhalation can be considered as an additional way of identifying asthma, even if they are not of diagnostic value when used alone.
In our present study, the differences at baseline and the differences in inspiratory and expiratory IOS between the children with asthma and the control subjects were superior for quantification of responsiveness to a BD for distinguishing between children with and without asthma. The response to a BD is routinely used in the diagnosis, assessment, and management of asthma. 30 In previous studies, Czövek et al 31 showed that expiratory IOS can be correlated The main limitation of this study is that there are no guaranteed reference IOS measurements. Therefore, a comparison of IOS measurements between two groups containing subjects of variable age and height was not appropriate. Because height is generally the preferred predictor of pulmonary function tests, 10 all direct IOS measurements in our study were adjusted for height when comparing the groups with and without asthma.
Our present findings suggest that IOS can add value in the assessment of asthma using spirometry and thereby increase the chances of early diagnosis and appropriate management of asthma in children. Further, within-breath IOS measurements, such as inspiratory-expiratory R5-R20, X5, and AX, which indicate expiratory airway obstruction, could be used rapidly and easily to evaluate asthma without assessment of the response to a BD.
The IOS can be considered as an adjunct or alternative to standard spirometry in younger children. Inspiratory-expiratory variations in Rrs and Xrs could be used to discriminate children with asthma or at risk of asthma from children without the disease.
